Tail bending associated with maneuvering flight of insects is a known phenomenon although there are only a few studies which analyze and quantify the effects and benefits of body configuration changes. We hypothesized that these configuration changes help reduce the energy expenditure in flight. This is quantified by the magnitude of the aerodynamic torque generated by the insect during the maneuver. To test our hypothesis, a dragonfly body model was constructed with the ability to bend at the joint between the thorax and the tail. An optimization problem was defined to find the dynamic body configuration which minimizes the total pitch and yaw torque. The magnitude of the tail deflection was found to be directly correlated with the yaw velocity of the body. Most importantly, our results indicate that for executing the same aerial maneuver, an insect with a flexible body was found to require substantially smaller flight torque when compared to an insect with identical morphology but possessing a rigid body. In addition, changes in the instantaneous mass distribution of the body had the most substantial effect on reducing the flight torque, while the inertial term due to the tail movement had a smaller effect. 
I. Introduction o change flight heading, insects perform a variety of aerial maneuvers. In many maneuvering flights such as predatory or evasive flights, the dynamics of the motion is as important as the final change in the flight orientation. This may be due to several reasons, such as a desired flight path or considerations like the energetic cost of the flight. Therefore, in such situations, the required flight torque is dictated by the body motion as well as its morphology such as mass and moment of inertia neglecting the limitations due to the insects control system and sensory equipment etc. If the body is rigid, the only source of torque generation is the wing which 1 Undergraduate Student, atb5dc@virginia.edu, Student Member. 2 Graduate Student, sz3ah@virginia.edu, Student Member. 3 Associate Professor, hd6q@virginia.edu, AIAA Associate Fellow. T generates aerodynamic force by moving back and forth through the air. Changes in the wing kinematics are the most important means by which an insect alters the flight 1. However, if the body is capable of deforming as shown in Fig.  1 , changes in the mass distribution can affect the motion by two means; first by generating inertial torque associated with the rate of change of the body moment of inertia and second by changing the response of the body to the flight torque by varying the instantaneous distribution of the mass. In the majority of studies on insect flight dynamics, the rigid body assumption is used in study to simplify the analysis 2, 3 . However, this assumption imposes several restrictions on the problem such as aforementioned. Although the existence of abdominal deformation, i.e. flexion and deflection, in insects such as locusts and fruit flies has been known for decades [4] [5] [6] , the extent to which the flexibility of the body affects the flight is not clear yet. Scientists and engineers have inferred from observations that insects may bend their bodies to decrease the moment of inertia about the axis of rotation and to dampen the effects of perturbations for stability purposes using their abdomen as a control surfaces 7 . Abdominal deflection is also employed as a strategy to create asymmetric body drag profiles to increase or decrease rotational inertia. In essence, maneuvers are not restricted only to asymmetric wing kinematics changes 8 but they employ a more complicated approach to increase efficacy and efficiency of their flight.
In this study, we focus on how body deformation affects the dynamics of motion. To enumerate the effects of moment of inertia changes due to body deformation on the dynamics of flight during a maneuver, we built a flexible body model and developed computer codes to accurately calculate the moment of inertia while taking into account body flexibility effects. To understand the physics behind body deflection, we hypothesized that the tail of a dragonfly deflects dynamically to minimize the average total torque during a maneuver. Here, we developed an optimization problem to carry out the investigation.
II. Materials and Methods

A. Calculation of Moment of Inertia
Moment of inertia (MOI) is a measure of the resistance of a body to rotation and because insect body morphologies are not comprised of regular geometric shapes, their body shapes are approximated in order to calculate the MOI 9-13 . On the contrary, in this paper, we accurately calculate the moment of inertia tensor with the confidence of reliability in all degrees of freedom. The moment of inertia for the dragonfly was obtained from a 3D model constructed in MAYA (Autodesk, San Rafael, CA, USA) based on images of a common species; Erythimus simplicicollis, found in North America. Two images; a top and side view are necessary for accurately constructing the 3D model. The non-dimensional body morphological data obtained from the dragonfly model is included in Table 1 . The MOI data is non-dimensionalized in Table 1 by M/L 2 , where M is the body mass (252.52 mg) and L is the body length (43.95 mm).
For analysis, the 3D model was sectioned into 21 pieces as shown in Fig. 2 . Slices 1-3, 4-7 and 8-21 make up the head, thorax and tail regions respectively. We established that 21 slices provided enough accuracy for our study. However, since a computer algorithm is responsible for the calculation of MOI, the number of sections can be infinitely increased and the thickness of each section need not be uniform. From the 3D model, we obtained the non-dimensional geometric center of mass as well as the volume of each slice. Afterward, each individual slice was approximated as a cylinder with a volume equivalent to the actual slice volume to quantify the contribution of the slices to the MOI. The equivalent cylinder has the same length as the slice and the circular cross-sectional area is oriented in the direction of the roll axis. The mass of each slice is computed by sectioning a real dragonfly into three pieces; head, thorax and abdomen. We assumed that density is constant across each section. The real insect body length is used to dimensionalize all the length quantities. From this dimensionalizaion, we obtain the dimensional volume of each slice and then multiply density by volume to obtain the mass of each slice. The tensor of MOI of the dragonfly was calculated by adding the MOI of each slice about the axes fixed at the center of mass of the body. 
B. Optimization Problem Definition
Our objective in defining the optimization problem was to find out whether body bending patterns during maneuvering fight of dragonflies are beneficial to the dynamics of the system or are rather passive reactions. In other words, if the system is free to stay rigid or deflect during the maneuver will it choose to deflect and if so how this deflection will change during the course of the maneuver or how would it benefit the insect? To investigate, we defined an optimization problem with the objective of minimizing the average total flight torque needed to perform a specific maneuver. We modeled the tail as a free bidimensional pendulum so that the dragonfly can continuously deflect its tail in any direction at any time and change it during the course of the maneuver, if desired. We used a 4-control point B-spline curve to represent time history of angle of rotation. Similarly, each of three components of the axis of rotation of the tail is expressed by its respective B-spline curve. Each B-spline has two fixed and two variable control points and optimization algorithm is able to locate four pair of control points (corresponding to four Bsplines) which finally define time history of change in axis and angle of rotation of the tail. Both the schematic for the B-spline curves as well as the optimization flow chat is show in Fig 3. For a known maneuver, the instantaneous magnitude of the total flight torque can be calculated as follows:
Where total  is the vector of flight torque. The first two terms on the right hand side of Eqn. (1) comprise the aerodynamic torque and the last term is an inertial torque due to the tail deflection. Note that that so called aerodynamic torque in this study, includes some inertial terms due to coupling between the three rotational motions but an investigation into the coupling is beyond the scope of this work. A detailed discussion on those inertial terms due to coupling and their effect on the dynamics of flight can be found in Ref. optimization was performed using a built-in optimizer (fmincon) in MATLAB (Mathworks, Natick, MA, USA). We chose "interior point" as the search algorithm.
III. Results and Discussion
A. Effect of Tail Deflection on Changes in MOI
As aforementioned in the introduction, by deflecting the tail, the dragonfly alters the moment of inertia tensor. In order to quantify effect of the tail deflection on the MOI tensor changes, we varied the tail pitch angle between -45 deg to 45 deg while keeping the tail yaw angle constant and vice versa. The ranges of tail deflections are chosen based on free flight observations of dragonflies. In both cases, we observed that by deflecting the tail, pitchwise or yawwise, the moment of inertia around the yaw and pitch axis can be enhanced up to twice its original value. At erect posture, the roll moment of inertia of a dragonfly body is about 2 orders of magnitude smaller than the yaw or pitch MOI. This suggests that the response of the dragonfly body to the roll torque is significantly faster than that of the pitch or yaw. This may cause discrepancies in the sensitivity of the insect motion sensors. By deflecting the tail, Ixx can be increased more than 20 times its original value which may be necessary for controlling the roll motion ( Fig. 4A and B) . We also observed that the products of inertia were also influenced by yawing and pitching the tail. The products of inertia are measures of body symmetry . When the tail is deflected pitchwise, there is an increase in asymmetry in the xz plane. Likewise when the yawwise deflection occurs, there is asymmetry in the xy plane. The results of our analysis in this section indicate that the variations in the MOI tensor can be potentially significant during the flight. 
B. Optimized Tail Deflection and its Relationship to Body Yaw Velocity.
To investigate the effect of tail bending on the overall torque generation in dragonfly maneuvering flight, we first used the real Euler angles of a dragonfly in a turning takeoff maneuver and calculated the optimized posture of the tail during that flight. A turning takeoff is a flight maneuver during which a dragonfly changes the flight heading by more than 90 degrees while the center of mass is elevated over several body lengths 10, 14 . The body motion reconstruction is performed using an accurate method which is described comprehensively in Ref. 15 . Figure 5A , shows the body angular velocities, the optimized tail angles and the total torque (thin solid line), aerodynamic torque (dashed line) and rigid body torque (thick solid line). The rigid body torque is calculated by balancing the dynamics of the motion using the known values of body angular velocities and accelerations as well the moment of inertia of the rigid and erect dragonfly body. The acceleration and deceleration phase of the maneuver is respectively defined as the duration before and after the maximum body yaw velocity was attained. The acceleration phase is shaded in Fig. 5 for clarity. During the maneuver, both the yawwise and pitchwise deflections of the tail increases as the body yaw velocity increased. The maximum deflection in the tail yaw angle was reached at the point that the body yaw velocity was maximum. The maximum pitchwise deflection of the tail happened earlier during the maneuver, similar to the occurrence of the maximum pitch velocity of the body. One important observation is that the total torque required by a rigid body is substantially different from that of a flexible body with an optimized posture. Note that if the body is rigid, there is only one single solution to Eqn. (1), meaning that if  and consequently  are known, there is only one solution for torque. However, for a flexible body there are infinite ways of executing the same motion. Body flexibility can change the flight torque by two means. First, by offering inertial torque terms due to the tail deflection; I , and second, by manipulating the instantaneous magnitude of each element in the tensor of MOI.
Comparing the yaw torque for a dragonfly with a rigid body (thick solid blue line) with that of one with a flexible body (thin solid blue line), we can infer that that the yaw toque of the flexible body is significantly lower than that of a rigid body, especially during the acceleration phase. Similarly, the pitch torque of a rigid body stays high throughout the maneuver while that of the flexible body drops to substantially smaller magnitudes during early stages of the flight. The roll torque of the flexible body with the optimized body posture is larger than that of the rigid body. That is due to our choice of cost function in this study which assumes the cost of rolling the body is significantly smaller than that of yawing or pitching. The cost function can be modified to incorporate a cost to generate roll torque as well. The difference between the thin solid line and dashed line in Fig. 5 shows the contribution of the inertial torque term due to the tail deflection; the last term on the right hand side of Eqn. (1). It is evident from Fig. 5 that inertial term is close in magnitude to the aerodynamic torque. Note that as the tail bends, it does not always generate inertial torque that is in favor of the maneuver. In fact, during the acceleration phase, the inertial torque due to the tail deflection decreased the total torque. In interpreting these results one needs to remember, as was previously mentioned, that this inertial tem is not the only contribution of the body flexibility to the flight torque and the overall benefit of the tail bending can only be understood by considering all three kinds of lines; thick solid, thin solid and dashed, that are plotted in torque graph. Furthermore, the maximum deflection of the tail is only about 15 degrees yawwise and 10 degrees pitchwise. These results imply that small abdominal deflections during maneuvering flight are enough to enhance the flight performance. To investigate the connection between the optimized body posture and the flight, we systematically altered the body yaw velocity and solved for the optimized tail deflection. The body yaw velocity was decreased to 75% and then 50% and the results are shown in Fig. 5B and C. Visual inspection of Fig. 5 immediately indicates that the magnitude of the tail deflection is directly correlated with the magnitude of the body yaw velocity; meaning that more deflections are required for faster maneuvers. The other important observation is that both tail yaw and pitch angles vary accordingly with the yaw velocity even though the pitch velocity is identical for all three cases represented in Fig. 5 . In all three cases in Fig. 5 , the magnitude of the inertial torque due to the tail bending is smaller in acceleration phase when compared to deceleration phase.
IV. Conclusion
Taken together, our results imply that body flexibility benefits the flight performance by offering more ways by which a flight can be achieved. This is accomplished by controlling the instantaneous mass distribution of the body as well as the generating inertial torques due to movement of the tail with respect to the thorax. The former changes the response of the body to the generated torque and enhances or decreases the resistance of the body to a specific motion. The latter acts by inserting inertial terms that are proportional to the rate of change in the mass distribution. Our results indicates that both these effects play an essential role in reducing the average flight torque required for the flight with the former effect being more dominant. Having tackled the tail deflection problem comprehensively, there are still many questions to be investigated. In the future, we hope to investigate the influence of body shape on the optimized body posture. For example, insects with round and stocky bodies are less commonly observed to deflect their abdomen during flight. Although, this may be related to the body morphological limitations, we expect that the body geometry as well as the mass distribution would influence the optimized results.
